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Focal Adhesion Kinase Is Involved in Rabies Virus

R
abies is a fatal human disease caused by viruses of the genus Lyssavirus belonging to the family Rhabdoviridae (order Mononegavirales). The best-characterized lyssavirus is rabies virus (RABV), which infects diverse mammalian species. Other lyssaviruses, European bat lyssaviruses 1 and 2 (EBLV-1 and -2), Australian bat lyssavirus (ABLV), Mokola virus (MOKV), and Duvenhage virus (DUVV), have been reported to cause lethal human rabies (1) (2) (3) .
The single-stranded negative-sense RNA genome (ϳ12 kb) encodes five proteins, nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and a polymerase (L), in the order 3=-N-P-M-G-L-5=. Viral transcription and replication take place within Negri bodies (NBs), which are inclusion bodies formed by viral infection and now considered viral factories (4) . During transcription, a positive-strand leader RNA and five capped and polyadenylated mRNAs are synthesized. The replication process yields nucleocapsids containing full-length antigenome sense RNA, which in turn serve as templates for the synthesis of genome sense RNA.
Besides its crucial role in viral transcription and replication, the RABV P protein is a multifunctional interferon (IFN) antagonist protein. First, P protein prevents IFN induction by impairing IRF-3 phosphorylation and dimerization, leading to the inhibition of IFN production (5) . Second, the P protein interacts with STAT1 and prevents JAK/STAT signaling through several mechanisms, including sequestration of STAT away from the nuclear compartment and inhibition of STAT-DNA binding (6) (7) (8) (9) . Finally, P interacts with the nuclear interferon stimulated gene (ISG), promyelocytic leukemia protein (PML), causing its mislocalization to the cytoplasm and leading to the disruption of PML nuclear bodies (11, 12) . The fact that one PML isoform (PML IV) has a specific antiviral effect on RABV suggests that the P-PML interaction could counteract this antiviral response (13) .
In addition to the dynein light chain (LC8) and STAT1, which were previously identified as cellular partners of the RABV P protein (6, 14) , the focal adhesion kinase (FAK) was also isolated from a two-hybrid screen using RABV P as the bait. FAK is a cytoplasmic protein tyrosine kinase preferentially localized at cellular focal contacts. It plays a key role in cellular signaling pathways, which are important for transcriptional regulation, cell cycle progression, modulation of apoptosis, control of cell migration, and metastasis of transformed cells (15) (16) (17) (18) .
As viruses activate and hijack many signaling pathways to favor their own replication, we analyzed the role of FAK during RABV infection.
We have confirmed that P interacts with FAK in the context of viral infection. We have identified the binding domains of both proteins and precisely defined critical residues of P involved in the interaction. The role of FAK in the viral life cycle was investigated by generating a recombinant virus unable to interact with FAK or by depletion of FAK with small interfering RNA (siRNA). The results indicated that FAK, through its interaction with P, favors viral multiplication.
MATERIALS AND METHODS
Cells and viruses. BSR cells, cloned from BHK 21 (baby hamster kidney), U373-MG (human glioblastoma astrocytoma), HEK (hamster embryonic kidney), and N2A (neuroblastoma) cells, were grown in Dulbbeco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS). The CVS strain of rabies virus was grown in BSR cells, and the N2C strain was grown in N2A cells. Other strains of lyssaviruses (8743THA, 8918FRA, 9007FIN, 8619NIG, 8720ZIM, 86132SA, and 9810AUS) were provided by the National Reference Centre for Rabies, WHO Collaborating Centre for Reference and Research on Rabies, Paris, France, and were used to clone their P proteins in the pLex plasmid.
Antibodies and drugs. The rabbit polyclonal anti-P antibody, the mouse monoclonal anti-P antibody, the mouse monoclonal anti-N antibody, and the rabbit polyclonal anti-M antibody were previously described (4, 19) . The rabbit polyclonal anti-pY397FAK antibody (44-625G) was obtained from Invitrogen, and the rabbit polyclonal anti-FAK C-20 antibody was from Santa Cruz. The anti-␣-tubulin antibody (DM1A) and Texas Red-phalloidin (S6501) were from Sigma. Secondary fluorescent antibodies were purchased from Molecular Probes.
Plasmids. The yeast expression plasmids pLex10 and pGAD-GE were previously described (6) . The vector pLex10 contains the yeast-selectable TRP1 gene and the lexA DNA-binding domain (DB) fused with the wildtype (WT) or mutant P protein. The plasmid pGAD contains the yeastselectable LEU2 gene and the sequence encoding the GAL4 activation domain (AD) fused to the FAK or the N gene. P mutations were introduced in the WT P gene by two-step PCR-based site-directed mutagenesis using the forward primer 2HPCA1 (5=-GCCGAATTCATGAGCAAGAT CTTT-3=) and the reverse primer 2HPCB1 (5=-CCGGTCGACTTAGCA GGATGTATA-3=) in combination with primers specific for the mutations. The pGAD-FAK construct was isolated from a yeast two-hybrid screen and contains the Rattus norvegicus C-terminal domain of the FAK. The plasmids pFAK-GFP and pFRNK-GFP, provided by J.-A. Girault (INSERM-Institut du Fer à Moulin), were described previously (20, 21) . The pFAK⌬FRNK-GFP plasmid was constructed by deletion of the FAKrelated nonkinase (FRNK) sequence by using PCR with the forward primer 5=-GCCCTCGAGATATGGCAGCTGCT-3= and the reverse primer 5=-GCC GGATCCATCCTCATCCGTTC-3=. The plasmid pRL-TK was described previously (22) . The plasmids pTIT-N, pTIT-P, and pTIT-L were described previously (23) and were obtained from K. K. Conzelmann (Ludwig-Maximilians University of Munich). The plasmid rCVS-N2C was generously provided by M. Schnell (Thomas Jefferson University). The pcDNA3.1-P and pcDNA3.1-PR109A plasmids were constructed by two-step PCR-based sitedirected mutagenesis using the forward primer 5=GCCGCTAGCATGAGCA AGATCTTT3= and the reverse primer 5=-CCGGTCGACTTAGCAGGATG TATA-3= in combination with primers specific for the mutations.
The pLex plasmids encoding the phosphoproteins P Nishigahara (P Ni) and P Ni-CE were constructed as described previously (21) . The pLex plasmids encoding the P proteins of different lyssaviruses were prepared as follows. The cDNAs were obtained by reverse transcription (RT)-PCR from total RNA isolated from infected BSR cells using hexamer primers (Roche Boehringer). The sequences of the primers used for the PCR amplification are presented in Table 1 , with the gene-specific sequence in boldface. The PCR products were cloned into pLex at EcoRI and SalI sites using the in-fusion cloning methodology (24) .
Yeast two-hybrid assays. The P sequence of RABV (strain CVS) was fused to the DNA-binding domain of LexA and used as bait to screen the nerve growth factor-induced PC12 (rat adrenal pheochromocytoma cell line) cDNA library in which each DNA was fused to the sequence encoding the GAL4 activation domain, as described previously (6) . Briefly, the yeast L40 strain containing the two LexA-responsive reporter genes HIS3 and lacZ was first transformed with the bait plasmid pLex-P using a lithium acetate protocol. pLex-P-expressing L40 cells selected and grown in Trp-deficient medium were then transformed with plasmid DNA from the PC12 cDNA library. Double transformants were grown on plates con- 8743THA  5=-GACTGGCTGGAATTCATGAGCAAGATCTTTGTCAATC-3=  5=-TTGGCTGCAGGTCGACTCAGCGGGATGTATAACGGT-3=   SHBRV  5=-GACTGGCTGGAATTCATGAGCAAGATCTTTGTCAATC-3=  5=-TTGGCTGCAGGTCGACTCAGGGGAACGCATAACGC-3=   9810AUS (ABLV)  5=-GACTGGCTGGAATTCATGAGCAAGATCTTTGTCAATC-3=  5=-TTGGCTGCAGGTCGACTTAACATGACATGTAACGGTTC-3=   8619NIG (LBV)  5=-GACTGGCTGGAATTCATGAGCAAGGGATTAATACACC-3=  5=-TTGGCTGCAGGTCGACGTAATTGTGATCTATCTCCTCAA-3= 8720ZIM (MOKV) 5=-GACTGGCTGGAATTCATGAGCAAAGATTTGGTGCATC-3= 5=-TTGGCTGCAGGTCGACTTACTCTGCCTCCTGGAGCC-3=
a The P sequences are in boldface, and restriction sites are underlined.
taining medium lacking Trp and Leu (Trp Ϫ Leu Ϫ ) to select for the presence of both the bait and library plasmids and deprived of His (Trp Ϫ Leu Ϫ His Ϫ ) to select for protein-protein interaction. Positive clones were then assayed for ␤-galactosidase activity. These clones conferred on L40 the abilities to grow in the absence of histidine and to produce ␤-galactosidase activity in the presence of the LexA BD-P hybrid, but not with LexA BD alone or with LexA BD-lamin.
The ␤-galactosidase activities of histidine-positive clones were tested by 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) overlay as follows: an X-Gal mixture containing 0.5% agar, 0.1% SDS, 6% dimethylformamide, and 0.04% X-Gal was overlaid on fresh transformants grown on Trp Ϫ Leu Ϫ plates, and blue clones were detected after 60 min to 18 h at 30°C.
Minireplicon assay system and luciferase assay. The minireplicon assay system was slightly modified from that of Le Mercier et al. (25) . N2A cells were grown in 12-well plate (3 ϫ 10 5 cells per well) in DMEM supplemented with 5% FCS and incubated for 24 h at 37°C. Cells were transfected with 0.75 g pDI-luc, 1.2 g pcDNA1-N, 1.2 g pcDNA3.1-P or pcDNA3.1-PR109A, 0.3 g pcDM8-L, 1 g pT7 encoding the T7 RNA polymerase, and 0.3 g pRL-TK using Lipofectamine 2000 as described by the manufacturer (Invitrogen). The N, P, and L proteins and the RNA minigenome formed a functional RNP template resulting in luciferase gene transcription, and thus, the transcriptional activity of the reconstituted RNP was related to the amount of luciferase. Forty-eight hours after transfection, the measurement of firefly and Renilla luciferase activities was performed using the dual-luciferase assay (Promega) according to the manufacturer's protocol. Relative expression levels were calculated by dividing the firefly luciferase values by those of Renilla luciferase.
Construction and recovery of rN2C virus carrying the P mutant P.R109A. The full-length recombinant N2C (prN2C) infectious clone was described previously (26) . The amplified fragment carrying the R109A mutation in the P protein (P.R109A) was inserted into the original fulllength genomic plasmid using two unique restriction sites, AvrII in the sequence of the N gene and SpeI in the C-terminal region of the P gene. The fragment carrying the R109A mutation was constructed by two-step PCR amplification of the full-length genomic plasmid using the forward primer A1-AvrII (5=GCCTTGTATCACCCTAGGGAA3=) and the reverse primer B1-SpeI (5=CGGTCGACTAGTAATTGGAAT3=), in combination with the primers carrying the mutation P.R109A (restriction sites are underlined). The PCR product was digested with AvrII and SpeI and was introduced into the full-length genomic plasmid to obtain the resulting plasmid, prN2C-P.R109A.
Recombinant viruses were recovered as described previously, with the following modifications (26, 27) . Briefly, N2A cells (10 6 cells) were transfected using Lipofectamine 2000 (Invitrogen) with 0.85 g of full-length rN2C R109A cDNA, in addition to 0.4 g pTIT-N, 0.2 g pTIT-P, 0.2 g pTIT-L, and 0.15 g pTIT-G, which encode the N, P, L, and G proteins of rabies virus strain SAD-L16. These plasmids were cotransfected with 0.25 g of a plasmid expressing the T7 RNA polymerase. Six days posttransfection, the supernatant was passaged on fresh N2A cells, and the recombinant viruses were amplified for 3 days and then detected by immunofluorescence staining with anti-P and anti-N antibodies.
Cell infection and transfection. Cells were grown on glass coverslips in 6-well plates and infected with rabies virus at different multiplicities of infection (MOI) and at various times postinfection (p.i.). Cells grown to 80% confluence were transfected with different quantities of plasmid using Lipofectamine 2000 as described by the manufacturer (Invitrogen).
Detection of viral mRNA by qRT-PCR. Quantification of viral mRNA was performed by quantitative RT (qRT)-PCR). Total RNA was extracted from cells using the Nucleospin RNA II kit (Macherey-Nagel) according to the manufacturer's instructions. First-strand cDNA was synthesized using a reverse primer specific for the P gene, 2HPCB1 (5=-CCGGTCGA CTTAGCAGGATGTATA-3=). Quantitative PCR (qPCR) was performed using P gene-specific primers (qPCRsP, 5=-CAACCTTGGTGAGATGGT TAGGGT-3=, and qPCRasP, 5=-GTTGACCGTGACATAGGATAC-3=).
Primers specific for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were used to quantify the cellular RNA content (qPCRsGAPDH, 5=-GATGGGTGTGAACCACGAGAAA-3=, and qPCRasGAPDH, 5=-AT CACGCCACAGCTTTCCAG-3=). The reaction was performed using the SYBR green Quantifast PCR kit (Qiagen) containing 2 l of reverse transcription product, 12.5 l of SYBR green mix, and 125 pmol of each primer. The qPCR was performed with a standard protocol using the Mx3000P system, and data were analyzed with the MxPro software (Stratagene). The relative P mRNA quantities for both N2C-WT and N2C R109A viruses were normalized to the amount of GAPDH, and the ratio of P mRNA N2C-WT to P mRNA N2C R109A was determined using the 2 Ϫ⌬⌬CT method described previously (28) .
Northern blot analysis. RNA was isolated from cells with the RNA Now kit (Ozyme). Total RNA was separated on a 1.5% agarose gel under denaturing conditions and blotted onto nylon membranes (Roche Molecular Biochemicals). Hybridizations were performed with digoxigenin (DIG)-labeled oligonucleotides recognizing the RABV N or GAPDH sequence. Bound probe was detected by incubation with anti-DIG antibody conjugated to alkaline phosphatase, followed by addition of CDP Star substrate (Roche Molecular Biochemicals).
siRNA transfection. A pool of 4 siRNAs targeting FAK (5=-GCGAUU AUAUGUUAGAGAU-3=, 5=-GGGCAUCAUUCAGAAGAUA-3=, 5=-UA GUACAGCUCUUGCAUAU-3=, and 5=-GGACAUUAUUGGCCACUG U-3=) was purchased from ThermoScientific (On-Targetplus human FAK siRNA-Smart pool and On-Targetplus Nontargeting pool). Cells were seeded at 0.5 ϫ 10 5 /ml/well in 24-well plates the day before. Transient transfections were performed using Dharmafect reagent according to the manufacturer's instructions (Dharmacon, GE Healthcare). A final siRNA concentration of 25 nM was used. Cells were infected (MOI ϭ 3) 48 h posttransfection. Western blot analysis (WB) was performed on cell lysates collected at various time points postinfection. At an siRNA concentration of 25 nM, cell viability measured by trypan blue exclusion was Ͼ95%.
Coimmunoprecipitation. Cells (10 6 cells) were harvested by scraping into cold phosphate-buffered saline (PBS) and lysed on ice in 500 l of buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, and an anti-protease cocktail. The cytoplasmic fraction was incubated overnight at 4°C with the rabbit polyclonal anti-FAK antibody. Immune complexes were precipitated by incubation with protein A-Sepharose for 1 h at 4°C, washed three times, and denatured in Laemmli buffer. Immunoprecipitated proteins were analyzed by Western immunoblotting using the mouse monoclonal anti-P antibodies.
Western blot analysis. Cells were washed and resuspended in PBS, lysed in hot Laemmli sample buffer, and boiled for 5 min. Proteins were analyzed by electrophoresis on SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was blocked with 10% skim milk in PBS for 2 h and incubated overnight at 4°C with the corresponding antibodies. The blots were then washed extensively in PBS-Tween and incubated for 1 h with the appropriate peroxidase-coupled secondary antibodies (Amersham). Bands were developed using ECL substrate (Amersham). Alternatively, the blots were incubated with Fluor 800-conjugated IgG or Fluor 680-conjugated IgG secondary antibody (Cell Signaling) for 1 h at room temperature. After washing, the membranes were scanned with the Odyssey infrared imaging system (Li-Cor, Lincoln, NE) at a wavelength of 700 or 800 nm. Protein spot levels were determined by using Image J quantification software or Image Studio software (Li-Cor).
35 S-labeling experiments and immunoprecipitation. At 16 h postinfection, the culture medium was replaced with cysteine-and methioninefree medium, and the culture was incubated for 1 h. The cells were then labeled for 15 min with 2 ml of prewarmed medium containing 20 Ci of [
35 S]methionine and [ 35 S]cysteine (0.8 MBq) (Express protein labeling mix; PerkinElmer). The cells were washed in cold PBS and lysed in 500 l of buffer, as described above. The cytoplasmic fractions were incubated for 2 h at 4°C with anti-P or anti-N antibody. Immune complexes were precipitated by incubation with protein A-Sepharose for 1 h at 4°C, washed three times, denatured in Laemmli buffer, and analyzed by SDS-PAGE. Quantification of radioactivity was performed with a phosphorimager.
Immunofluorescence staining and confocal microscopy. Cells were fixed for 10 min with 4% paraformaldehyde (PFA) and permeabilized for 5 min with 0.1% Triton X-100 in PBS. The cells were incubated with the indicated primary antibodies for 1 h at room temperature, washed, and incubated for 1 h with Alexa Fluor-conjugated secondary antibodies. Following washing, the cells were fixed and mounted with Immu-Mount (Thermo Scientific) containing DAPI (4=,6-diamidino-2-phenylindole). Images were captured using a Leica SP2 confocal microscope (63ϫ oil immersion objective) or a Zeiss Axio Observer fluorescence microscope (63ϫ oil immersion objective).
RESULTS
Identification of FAK as a RABV P protein binding partner. The yeast two-hybrid system was used to search for proteins interacting with RABV (strain CVS) P protein. A nerve growth factorinduced PC12 cell cDNA library was first screened in a two-hybrid assay with the full-length P protein (residues 1 to 297), as described previously, for the identification of LC8 and STAT1 (6, 14) . As most of the positive clones encoded LC8, which strongly interacts with P (14), we introduced two amino acid substitutions (D143A and Q147A) into P that abolish binding to LC8 (29) . Using the mutated P as the bait, we selected and sequenced 25 positive clones, 5 of which encoded different portions of the C-terminal domain of FAK (GenBank accession number AF020777).
FAK is expressed in most tissues, and its sequence is highly conserved across species. The protein is a 125-kDa non-receptor protein tyrosine kinase located primarily at focal adhesions (FAs) and serves as a key component in the transmission of signals between the extracellular matrix and the cytoplasm. The complete protein is 1,052 amino acids long and contains a central kinase domain (residues 422 to 676) flanked by large N-and C-terminal domains (Fig. 1A) . The N-terminal domain, referred to as the FERM domain (residues 36 to 258), regulates FAK activity, whereas the C-terminal domain comprises the focal-adhesiontargeting (FAT) domain (residues 914 to 1052) and an unstructured proline-rich region between the catalytic and FAT domains. FAT is responsible for localizing FAK to FAs and contains binding sites for other proteins, such as paxillin, talin, and vinculin (30) . In addition to FAK, FRNK is also a product of the gene but is autonomously expressed under the control of an alternative, intronic promoter. FRNK (residues 676 to 1052) is composed of the FAT domain and proline-rich domains (PRR) important for adaptor protein binding.
The interaction between the full-length P protein and five of the positive clones encoding different fragments of the C-terminal domain was confirmed by two-hybrid assay (Fig. 1A) .
To demonstrate that P protein indeed associates with fulllength FAK in vivo, HEK293T cells were transfected with a plasmid expressing FAK before infection by RABV (CVS) at an MOI of 3. At 24 h postinfection, the cell extracts were immunoprecipitated using an anti-FAK antibody or green fluorescent protein (GFP) antibody as a control. The retained proteins were then analyzed by Western blotting with an antibody directed against P. As shown in Fig. 1B , the P protein was specifically coprecipitated with FAK, but not with the GFP antibody (Fig. 1B) .
Identification of P-FAK interacting domains. The domain of FAK interacting (GE Healthcare) with P was deduced from the sequences of the positive cDNA clones encoding variants of the C-terminal part of FAK and containing the unstructured prolinerich region flanked by different portions of the linker domain between the kinase domain and the FAT domain (Fig. 1A) . The fact that all these clones shared a common part extending from residues 649 to 916 indicated that this linker region, which comprised the proline-rich domains PRR2 and PRR3, was sufficient for binding to P.
RABV P protein contains three functional domains separated by two intrinsically disordered regions: the N-terminal domain (P NTD , residues 1 to 52), interacting with the soluble N protein (called N°) and L protein (31) (32) (33) ; the dimerization domain (Pdim, residues 91 to 131) (34) ; and the C-terminal domain (P CTD , residues 186 to 297), involved in binding to the N RNA (35) (36) (37) (38) , as well as cellular proteins STAT1 and PML (6, 11) .
To identify the FAK binding domain on P, deletion mutants of the P protein fused to LexA were tested for the ability to bind the FAK fragment of one positive clone (2.7). As shown in Fig. 2 , truncation of the first 172 N-terminal residues (P⌬⌵172) abolished the association of P with FAK, whereas truncation of the 125 C-terminal residues (amino acids 172 to 297; P⌬C125) had no effect on the association, indicating that the binding domain was located in the amino-terminal part of P. As expected, P⌬N172 still interacted with N (33-35). As P⌬N52 still interacted with FAK, the P NTD (first 52 residues) of P was not implicated in the interaction with FAK. Internal truncations between residues 52 and 172 and further deletions in the dimerization domain (residues 91 to 131) impaired the interaction, indicating that residues between 106 and 131 were necessary for FAK binding (Fig. 2) . Sequence alignment of this domain of the lyssavirus P proteins indicated conserved hydrophobic residues and several amino acids having similarity (Fig. 3A) . Site-directed mutagenesis performed on these residues indicated that substitution of alanine for one of the residues, R106, R109, R113, F114, W118, or I125, abolished the interaction between RABV P and FAK (Fig. 3B, right lane) . As expected, none of the mutations affected binding to N (Fig. 3B, left lane) .
Interactions between FAK and other lyssavirus P proteins in the yeast two-hybrid system. To investigate whether the interaction was conserved among other members of the genus Lyssavirus, we selected several viral species representative of lyssavirus diversity, including 8743THA (THA), silver-haired bat rabies virus (SHBRV), Nishigahara (Ni) and its attenuated Ni derivative strain Ni-CE, the closely related Australian bat lyssavirus (ABLV), Duvenhage virus (DUVV), EBLV-1 and EBLV-2, and lyssaviruses more distantly related to RABV, Lagos bat virus (LBV) and Mokola virus (MOKV). The interaction of the FAK clone 2.7 with the full-length P proteins of the different viruses was investigated with the yeast two-hybrid system. The P proteins of THA, Ni, Ni-CE, and ABLV displayed interaction with FAK, whereas the P proteins of SHBRV, LBV, MOKV, DUVV, EBLV-1, and EBLV-2 failed to interact with FAK (Fig. 3C) . Interestingly, the substitution in position 109 of lysine for arginine was completely correlated with the lack of interaction, especially in the case of the P protein of SHBRV, for which the only residue modified in the binding domain is a lysine in position 109 compared to THA, Ni, and Ni-CE (Fig. 3A) . This result indicated that R109 was one of the crucial residues for the interaction.
FAK accumulates in Negri bodies during viral infection. As P interacts with FAK in the context of viral infection, we analyzed the localization of FAK in infected cells. U373-MG cells were mock transfected or transfected with plasmid encoding FAK-GFP and then infected at an MOI of 3 for 24 h. The cells were analyzed by confocal microscopy using the appropriate antibodies (Fig. 4) . The endogenous FAK, as well as the overexpressed FAK-GFP, localized in NBs (Fig. 4A and B) . When infected cells were previously transfected with a plasmid encoding the C-terminal domain of FAK corresponding to FRNK-GFP, the NBs contained the FRNK protein. In contrast, the FAK mutant with the FRNK domain deleted (FAK⌬FRNK), which did not interact with P, did not localize in the NBs (Fig. 4B) . These results indicate that FAK accumulates in NBs and that this recruitment is mediated by the interaction of P with FAK. NI-CE .....................I Recovery and characterization of recombinant RABV carrying the R109A mutation in the P protein. To study the role of the P-FAK interaction during the viral cycle, a recombinant virus harboring a P protein unable to interact with FAK was generated by using the reverse genetics system. Since the FAK binding domain overlapped with the dimerization domain, it was important that the mutation of P residues impaired FAK interaction without altering the P-P interaction. As shown in Fig. 3D , the mutations R106A, R109A, and R113A did not affect P dimerization ( Table 2 ). Given that a mutation of arginine in position 109 was naturally found in the P proteins of several lyssaviruses, we decided to recover a recombinant mutant carrying the R109A mutation in the The cells were analyzed by confocal microscopy after staining with anti-P antibody, rabbit anti-FAK antibody, or Texas red-phalloidin. DAPI (blue) was used to stain the nuclei (Merge). Colocalization is apparent as yellow coloration in the merged images. Scale bars, 15 m. (B) Cells were transfected with plasmids encoding FAK-GFP, FRNK-GFP, or FAK⌬FRNK-GFP and then infected at an MOI of 3 for 24 h. The cells were analyzed by confocal microscopy after staining with anti-P antibody. DAPI (blue) was used to stain the nuclei (Merge). Colocalization is apparent as yellow coloration in the merged images. Scale bars, 15 m. P protein. We used the recombinant CVS-N2C strain (rN2C), which is closely related to the CVS-11 strain with no mutation in the P gene. The R109A mutation was introduced into the P gene of the infectious clone of rN2C to generate the rN2C-P.R109A mutant. The recombinant viruses rN2C-WT and rN2C-P.R109A were then recovered in mouse neuroblastoma N2A cells (Fig. 5A , left), as described previously (26) . The rN2c-WT virus was confirmed to be phenotypically close to CVS-N2C in terms of protein expression and growth kinetics (not shown). Importantly, after rescue of the recombinant rN2C-P.R109A, RT-PCR/sequencing analysis of the P gene confirmed that the rescued virus retained the R109A mutation and did not reveal any compensatory mutation in the P gene.
Cells were transfected with a plasmid encoding FAK-GFP and then infected with either the WT or mutant P.R109A virus. Coimmunoprecipitation experiments confirmed that the WT P protein interacted with FAK whereas the P mutant did not (Fig. 5A, right) . In parallel, immunofluorescence experiments were performed under the same conditions described above. FAK-GFP accumulated in the NBs of cells infected by the WT virus but not in those formed by the mutant virus (Fig. 5B) . This confirmed that the interaction of P with FAK resulted in the recruitment of P in NBs.
To determine the effects of this mutation on viral growth, N2A cells were infected with the WT or mutant virus at different MOI, and the virus released in the culture medium at different times postinfection was titrated. Single-step (MOI ϭ 1 or 3) or multiplestep (MOI ϭ 0.3) growth curves indicated that production of the mutant virus was 5-to 10-fold lower than that of the WT (shown for an MOI of 1 in Fig. 6A ). In parallel, the amounts of viral proteins in infected cell extracts were analyzed by Western blotting. The P protein expression of the mutant virus was reduced compared to the WT virus (Fig. 6B) . The same observation was made for the N protein (not shown). To investigate whether this reduction was due to the inhibition of viral protein synthesis, we performed labeling experiments with [ 35 S]methionine/[ 35 S]cysteine. Cells infected with either the WT or mutant P.R109A at an MOI of 3 were labeled for 15 min at 12 h p.i. and 24 h p.i. Cell extracts were then immunoprecipitated with anti-P antibody, and the immune complexes were analyzed by SDS-PAGE (Fig. 6C) . The P protein interacts strongly with the N protein, and therefore, both viral proteins were present in the immune complexes. Viral protein synthesis was reduced in cells infected with the mutant compared to the WT, and this reduction was more pronounced at 24 h p.i. than at 12 h p.i. (by a factor of 5 compared to a factor of 3, respectively) (Fig. 6C) . To test whether the inhibition of viral translation could reflect an inhibition of viral transcription, we performed Northern blot analysis on RNA isolated from N2A cells infected by both viruses at 12 h p.i. and 24 h p.i. Primary transcription was also analyzed in the presence of the protein synthesis inhibitor cycloheximide (CLX). As genome replication requires the ongoing synthesis of the N protein, treatment of cells with CLX results exclusively in primary transcription obtained from the incoming virion genomes and proteins. Whereas the primary transcription products could not be detected in cells infected by WT or mutant virus, the total amount of N mRNA produced by the mutant virus appeared to be reduced (Fig. 7A) . As Northern blotting is not the most sensitive method, we used quantitative RT-PCR to detect the P transcripts found in infected cells. In the absence of CLX, the amount of P mRNA produced by the mutant was estimated to be 5 times smaller than the amount produced by the WT (Fig. 7B) . The mRNA levels resulting from primary transcription (in the presence of CLX) were very similar in the two infections. These results revealed that secondary transcription of the viral mutant was impaired, whereas its viral primary transcription was not, suggesting that steps preceding transcription, such as viral entry or uncoating, were not altered but, rather, that a posttranscriptional step (such as protein synthesis and/or replication) was affected.
To determine more specifically the effect of the lack of P-FAK interaction on viral RNA synthesis, we used the luciferase reporter system in a minireplicon system allowing reconstitution of a functional rabies virus RNP. The luciferase gene reporter is framed by 3= leader and 5= trailer sequences and is under the control of rabies virus transcription signals (25) . Therefore, the production of luciferase activity is the result of the encapsidation of the minigenome followed by its transcription by the L-P complex and its replication in the presence of the N protein.
Upon cell transfection with the corresponding expression vector, the P.R109A protein was expressed at a level comparable to that of wild-type P (not shown). Quantification of luciferase activity showed that the substitution P.R109A resulted in a reduction of viral transcription and replication to about 65% (Fig. 7C) , demonstrating that the binding of P to FAK is required for efficient viral RNA synthesis.
All these data are consistent and established a strong correlation between the P-FAK interaction and a positive effect on RABV replication.
FAK depletion leads to the reduction of viral protein expression. We then analyzed the effect of downregulation of FAK on viral infection by RNA interference (RNAi)-mediated silencing. U373-MG cells were transfected with a pool of 4 siRNAs targeting FAK, as well as FRNK (25 nM), or with nontargeting control (siCONT) for 48 h; then, the cells were infected (MOI ϭ 3). Cells were harvested at different times postinfection, and the lysates were analyzed by Western blotting to determine the expression of FAK, viral protein, and tubulin as a control (Fig. 8) . FAK-targeting siRNA, but not control siRNA, clearly depleted FAK in both infected and noninfected cells. FAK depletion had no major effect 
on cell viability (Ͼ95%) as measured by trypan blue exclusion (not shown). The knockdown of FAK expression resulted in a significant decrease in the amount of the viral P protein (by 35%) at 24 h p.i. Although this reduction was moderate, it indicated that specific inhibition of FAK synthesis led to a reduction of viral protein expression and confirmed that the P-FAK interaction positively regulated RABV infection.
DISCUSSION
In this study, using the yeast two-hybrid system, we have identified FAK as a cellular partner of the RABV P protein. The binding involves the 106-to-131 domain corresponding to the dimerization domain of P and the C-terminal domain of FAK that comprises the linker region between the kinase and FAT domains and containing the proline-rich domains PRR2 and PRR3 (16) . As described in the literature, these unstructured PRR motifs have a scaffolding function, recruiting SH3 domain-containing proteins into a multiprotein complex. It has also been shown that WW domains bind PRR, but with a lower affinity. Although the P protein does not comprise any SH3 domain or WW domain, other regions in the C-terminal linker domain of FAK could be involved in the interaction with P. The P-FAK interaction was confirmed by coimmunoprecipitation and colocalization in infected cells. Indeed, endogenous FAK or overexpressed FAK-GFP was found to accumulate in NBs of infected cells. This recruitment was mediated by the interaction of P with FAK, since a FAK-GFP mutant unable to bind P protein was not retained in NBs.
The data on the P-FAK interaction in the genus Lyssavirus suggest that the interaction is not conserved. However, as the P binding domain on FAK (the linker region between the kinase and FAT domains) is the most variable region (39), we cannot exclude the possibility that bat lyssavirus P protein might interact with bat FAK. Whether this interaction is conserved remains unclear, as we have not investigated the point.
Alanine scanning mutagenesis of the dimerization domain of P (residues 106 to 131) allowed the identification of the crucial residues (R106, R109, R113, F114, W118, and I125) involved in the interaction with FAK. The structure of the dimerization domain of P indicated that the residues R106, R109, and R113 are not involved in dimer formation (40) . Indeed, substitutions of Ala for these residues inhibit P-FAK interaction but do not lead to loss of dimerization.
As Arg in position 109 is not present in the P sequence of lyssaviruses that did not interact with FAK, the P.R109A mutant virus was constructed to investigate the role of FAK during viral infection. As expected, FAK-GFP did not accumulate in the NBs formed by the mutant virus. This mutant was affected at a posttranscriptional step involving protein synthesis and/or replication, since primary transcription was not affected. This indicates that viral entry is not impaired. Although we cannot exclude the possibility that the substitution R109A also affects the interaction of P with another cellular partner, the fact that depletion of FAK by siRNA resulted in a decrease in viral protein expression indicates that FAK favored RABV replication and that this effect is potentially mediated by P-FAK interaction, for which Arg in position 109 is a critical residue. From our data, we do not know whether the P-FAK interaction could promote virus replication either by enhancing a positive effect of FAK or by inhibiting an antiviral effect of FAK. It is likely that this interaction does not have an essential function in the viral life cycle but rather a regulatory role in some processes involved in pathogenicity or apoptosis.
Interestingly, FAK is related to another tyrosine kinase, proline-rich tyrosine kinase 2 (PYK2), in sequence (46% identical and 65% similar at the protein level). Thus, the FAK and PYK2 proteins share a four-domain organization and are both involved in the regulation of similar cellular signaling pathways (reviewed in references 18 and 30). Therefore, PYK2 expression has been shown to compensate for some functions, although not all, of FAK in cells derived from FAK knockout mice (41) . In addition, it has been reported that FAK is subjected to alternative splicing of several coding or noncoding exons that are likely to have important biological functions (39) . These data could explain, due to some compensatory mechanism, why the effect of FAK depletion on viral protein expression is not stronger.
FAK is a protein tyrosine kinase, located primarily at FAs, that serves as a key component in the transmission of signals between the extracellular matrix and the cytoplasm and that has important cellular functions through regulation of the cytoskeleton. FAK regulates processes such as cellular survey, proliferation, and migration. Viruses activate intracellular signaling pathways, thereby facilitating viral entry, viral replication, and release of new viruses. Therefore, we have investigated some of these signaling pathways following activation of FAK during viral infection by WT and P.R109A viruses. Following activation by autophosphorylation at Tyr397, FAK recruits and activates members of the Src kinase family. The phosphorylation of FAK by Src (or other Src family kinases) at tyrosines 576 and 577 results in full activation of FAK and ultimately leads to activation of downstream targets, such as phosphoinositol 3-kinase (PI3-K)/Akt. We did not observe any difference in phosphorylation of FAK Tyr397 or FAK Tyr576/577 in cells infected by both viruses (not shown). Along this line, activation of Akt signaling by phosphorylation at Ser473 was similarly induced by both viral infections (not shown). Luciferase expression from a RABV minireplicon system. N2A cells were transfected with plasmids encoding L, N, P, or P.R129A protein and T7 polymerase and with the plasmid (pRL-TK) encoding Renilla luciferase in the presence of the RABV minireplicon system plasmid for the expression of firefly luciferase. The L plasmid was missing in one experiment, which served as a negative control [(Ϫ) L]. After 36 h, cell extracts were analyzed for luciferase activity. The data represent separate assays for firefly luciferase normalized to expression of Renilla luciferase and are expressed as percentages of the control. The error bars indicate the standard deviations (three independent experiments). A significant difference between WT P (PWT) and P.R109A was determined using a Student t test (****, P Ͻ 0.0001). with RABV 48 h posttransfection. Cell extracts were analyzed by Western blotting at various times (12 h, 24 h, and 36 h p.i.) using anti-FAK, anti-P, and anti-tubulin antibodies. (B) Western blots from 3 independent experiments were quantified using immunoblot scanning and normalized with respect to the amount of tubulin. The amounts of P and FAK were measured at 24 h p.i., and an arbitrary level of 100 was applied to the amount of protein obtained in cells transfected with siCONT for comparison. Significant differences between siCONT and siFAK conditions were determined using a Student t test (**, P Ͻ 0.005; ****, P Ͻ 0.0001). The error bars indicate the standard deviations.
As FAK also plays an integral role in the regulation of the actin cytoskeleton, we have analyzed the effect of viral infection on actin networks. Both WT and mutant viruses induce alteration of the actin network (with a decrease in F-actin staining), as previously reported by Ceccaldi et al. (42) . Several recent studies provided evidence that FAK can also regulate certain cellular functions in a kinase-independent manner. Among emerging functions of FAK, recent data implicate FAK as a regulator of mitochondrial antiviral signaling protein (MAVS), although its precise function in regulating RIG-I-like receptor (RLR) signaling remains unclear (43) . Indeed, Bozym et al. have shown that FAK interacts with MAVS at the mitochondrial membrane and favors MAVS-mediated signaling by a kinase-independent mechanism resulting in the activation of antiviral signaling, such as IFN production (43) . We hypothesized that P-FAK interaction could negatively regulate the host antiviral response and as a consequence support efficient replication of RABV. Unfortunately, we did not see any effect of the defect in P-FAK interaction on IFN production or the NF-B pathway, and in addition, FAK deficiency did not result in reduced activation of IFN signaling (not shown).
Activation of FAK by viral infection has been reported for some viruses, and different roles of FAK have been proposed, although the mechanisms have not been elucidated. For influenza virus, FAK has been shown to regulate two independent processes, one mediating viral entry and the other involved in viral RNA replication (44) .
In the case of hepatitis B virus, the HBx protein activates FAK, and this activation is important for multiple HBx functions, such as cellular transformation and cancer progression (45) . Herpes simplex virus 1 (HSV-1) and HSV-2 induce rapid phosphorylation of FAK in several human target cells, and this activation has been shown to facilitate viral entry and nuclear transport of viral capsids (46) .
Our data indicate that FAK has a positive effect on RABV growth by stimulating viral RNA replication and/or viral mRNA translation. Interestingly, the positive role of FAK in viral RNA synthesis is correlated with its interaction with P and association with the NBs, which are sites of viral transcription and replication, suggesting a possible interaction with the polymerase complex. Although FAK does not seem to be involved in the activation of IFN production in the context of RABV infection, we cannot exclude the possibility that FAK has an antiviral effect, such as a role in innate immunity, that might be counteracted by P alone or through its sequestration in NBs, resulting indirectly in a proviral role of the P-FAK interaction.
